Abstract: Avian influenza A virus comprises sixteen hemagglutinin (HA) and nine neuraminidase (NA) subtypes (N1-N9). To isolate llama single-domain antibody fragments (VHHs) against all N subtypes, four llamas were immunized with mixtures of influenza viruses. Selections using influenza virus yielded predominantly VHHs binding to the highly immunogenic HA and nucleoprotein. However, selection using enzymatically active recombinant NA (rNA) protein enabled us to isolate NA binding VHHs. Some isolated VHHs cross-reacted to other N subtypes. These were subsequently used for the capture of N subtypes that could not be produced as recombinant protein (rN6) or were enzymatically inactive (rN1, rN5) in phage display selection, yielding novel VHHs. In total we isolated 188 NA binding VHHs, 64 of which were expressed in yeast. Most VHHs specifically recognize a single N subtype, but some VHHs cross-react with other N-subtypes. At least one VHH bound to all N subtypes, except N4, identifying a conserved antigenic site. Thus, this work (1) describes methods for isolating NA binding VHHs, (2) illustrates the suitability of llama immunization with multiple antigens for retrieving many binders against different antigens and (3) describes 64 novel NA binding VHHs, including a broadly reactive VHH, which can be used in various assays for influenza virus subtyping, detection or serology.
Introduction
Avian influenza (AI) is a viral infection of poultry with a very different clinical picture, depending on the virus. Type A influenza viruses [1] are divided into subtypes based on differences in the antigenicity of two immunogenic surface proteins, hemagglutinin (HA) and neuraminidase (NA). The work described in this manuscript was performed before the recent discovery of a novel H17N10 subtype bat influenza A virus [2] . Since we focus on avian influenza, we still classify the type A viruses into sixteen HA (H1-H16) and nine NA (N1-N9) subtypes, as it was done until this recent novel subtype was discovered and which is still valid for avian influenza viruses. AI viruses of subtype H5 and H7 can evolve to viruses that cause very high mortality and, therefore, have devastating consequences for the poultry industry and trade. These so-called high-pathogenicity (HP) H5 and H7 viruses can also be transmitted to humans with high fatality among hospitalized individuals [3] . Therefore, in some regions, vaccination against H5 and H7 subtype influenza virus is used to control the disease in poultry. The FAO recommends that vaccination is performed with a vaccine that allows the Differentiation of Infected from Vaccinated Animals (DIVA). This can, among others, be accomplished by using inactivated vaccines produced using viruses of the H5 or H7 subtype combined with an N subtype that is different from that of the circulating outbreak virus [4] . For DIVA, a serological test is required that detects antibodies directed against the N type of the outbreak virus. Several monoclonal antibody (mAb)-based ELISAs for such serological detection of N1, N2 or N3 antibodies have been described [5] [6] [7] . However, suitable mAbs and ELISAs for detection of antibodies against (avian) N4-N9 are lacking.
NA cleaves sialic acid receptors from the cell surface, thereby releasing progeny viruses. It is a transmembrane protein with a large globular head that is composed of four identical subunits, whose tetramerization is essential for enzymatic activity. Inhibition of the NA enzyme activity by specific antibodies is used to determine the N subtype [8, 9] . Most antigenic sites on NA are conformational. Inactivated virus vaccines generally generate the highest antibody response against HA and nucleoprotein (NP), which is located internally in the virion. Although HA and NA are equally immunogenic [10] , the antibody response against NA is generally somewhat lower, because NA is present at reduced amounts as compared to HA and due to antigenic competition with HA. Thus, NA also contributes to vaccine efficacy, although to a lesser extent than HA [9, 11] . As a result, there is also interest in measuring the NA content of influenza vaccines, preferably by ELISA [12] . Furthermore, due to the rapid antigenic variation of HA and NA, there is a need to update vaccines by using contemporarily circulating strains. This is currently done by antigenic cartography that is only based on HA by comparing the hemagglutination inhibition activities of panels of sera. Recently, it was demonstrated that antigenic drift, although to a lesser extent, also occurs in NA, affecting vaccine efficacy [13] . Thus, matching vaccine strains to viruses circulating in the field by using panels of antibodies against NA is also recommended [9] .
We aimed to isolate mAbs against all N subtypes for use in serology during DIVA vaccination strategies and for use in control of NA quality and quantity of vaccines. For this purpose, we use llama single-domain antibody fragments (VHHs) as a source of mAbs [14, 15] . VHHs are the small antigen binding domains derived from natural antibodies devoid of a light chain that occur in camelids [16] . They offer a number of advantages for biotechnological applications, such as a high production level in microorganisms and high physicochemical stability. Furthermore, due to their single gene nature, VHHs are highly suited for phage display selection of a diverse panel of antigen binding VHHs from immune libraries. VHHs can also be easily produced in multivalent formats to improve antigen binding affinity or potency by multivalent binding [17, 18] or to construct bispecific recombinant antibodies that bind to two unrelated antigens [19] . Here, we describe the isolation and antigen binding in ELISA of a panel of VHHs that specifically bind the nine N subtypes, mostly in a subtype specific manner, but sometimes cross-reacting with other subtypes.
Results and Discussion

Selections on Whole Virus Passively Adsorbed to Polystyrene
Four llamas were immunized with mixtures of purified influenza viruses representing all (avian) H and N subtypes, and VHH phage display libraries were generated. The viruses used for immunization were preferably recent isolates from the Netherlands. Here, we only describe the isolation of NA binding VHHs. For the evaluation of selections, we performed parallel phage ELISA and phage display selection. Thus, phages were incubated with immobilized antigen at identical conditions in two wells, one of which was used for phage ELISA and the other for phage elution and transduction of Escherichia coli. After screening of binding of soluble VHH to antigens in ELISA, we identified 188 unique VHHs binding to the nine different N subtypes. The VHHs were classified according to subtype specificity. For each subtype, they were further classified into different complementarity determining region 3 (CDR3) groups based on their CDR3 sequence. VHHs of the same CDR3 group often contain similar VH coding regions, that belong to the same VHH subfamily [20] . They presumably arise from the same B-cell recombination process and most likely bind the same antigenic site. For further work, we preferentially selected clones from different CDR3 groups. We will only describe these 64 VHHs.
Initially, we aimed to enrich for NA binding phage by counter-selection of a HA binding phage using two sequential panning rounds on two viruses that have different H subtypes. Such a method was earlier successfully used to prevent enrichment of a phage that specifically binds to contaminating proteins present in antigen preparations [21] . However, a selection on H5N2 virus and, subsequently, on H6N2 or H9N2 virus yielded clones that bound to H5N2 virus, but not rN2 ( Table 1 ). Note that this rN2 was derived from the same H5N2 virus later used for successful selection and screening of N2 binding clones (Table 4) . This makes it unlikely that the binders selected are directed against NA. They are more likely directed against the immunologically conserved NP protein [22] or conserved epitopes of HA, possibly the stem region [23] [24] [25] . These binders may be more readily selected, because NP and HA are more immunogenic than NA [7, 9] . We next tried to enrich for NA binding phages during panning on low concentrations of immobilized virus by competition with a high concentration of soluble virus of the same H subtype, but a different N subtype. This should result in reduced recovery of the phage displaying HA and NP binding VHHs. Thus, selections on H7N1 were competed with H7N7 virus and vice versa. As compared to control selections without competition that were performed in parallel, selections with competition resulted in 3-4-fold lower absorbance values in both the first and second selection round, while absorbance values remained above the background without antigen (Table 2 ). This suggests that competition was at least partially successful. However, when individual clones were screened for binding of soluble VHH to H7N1 or H7N7 virus, all binders gave comparable absorbance values on both viruses (Table 2) , suggesting binding to H7 or NP. Thus, competition with soluble influenza virus did not stimulate enrichment of NA binding VHHs. These results are consistent with other reports that have indicated that pre-clearing during phage display selection is often of limited usefulness [21, 26] . 
Selections on Recombinant NA
For use in phage display selection, we prepared recombinant NA (rNA) consisting of the soluble head domain of different N subtypes by expression in HEK293 cells (Table 3) . Some rNA preparations were derived from different virus strains than those used for llama immunization. Expression of rN6 was not successful, but rNA of the further eight subtypes could be produced and purified. The specific enzymatic activity of the different preparations varied considerably. We could not detect enzymatic activity of rN1, rN4 and rN5 ( Table 3 ), suggesting that these rNAs were produced in a misfolded form, which could be due to either an incorrect tertiary structure or lack of tetramerization.
The eight rNA preparations were used in phage display selections after direct passive adsorption to polystyrene. The three inactive rNA preparations gave the lowest (<0.171) absorbance value in phage ELISA after the first selection round (Table 3 ). This could be due to misfolding of these inactive rNA preparations, since most antigenic sites on NA are conformational [9] . A correlation between enzymatic activity and antigenicity of virus-derived NA was earlier reported [27] . In the case of rN1 and rN5, but not of rN4, it could also be due to the different viruses that the rNA was derived from and the antigen used for llama immunization. The five enzymatically active rNA preparations gave higher absorbance values in phage ELISA (0.359 to 1.619), suggesting that selections were more efficient. Eventually, we performed two rounds of phage display selection using rNA in round one and whole virus or rNA in the second round. Soluble VHH of individual clones was screened for binding to rNA and viruses with different N subtypes to determine their subtype specificity. Especially after selection on enzymatically inactive rNA, clones that bound whole virus often did not react with rNA. This suggests that these clones are NA specific, but do not bind inactive rNA, because of its presumed misfolding. VHHs against rN1, rN4 and rN5 were, therefore, often not analyzed for binding to rNA in later experiments (Table 4) .
Such selections on rN2, rN3, rN4, rN7, rN8 and rN9 were highly efficient and resulted in diverse panels of binders, representing at least three CDR3 groups that specifically bound NA (Table 4) . Selection on rN1 similarly yielded binders representing three CDR3 groups. However, selection on rN5 yielded only one binder (IV224), possibly due to the misfolding or heterologous nature of rN5. Furthermore, selections on rN6 could not be done, because it was not available. 
Selections on Viral NA by Immunocapture with VHHs
The VHHs isolated thus far were used as tools for specific capture of virus NA of particular strains in novel selections. For this purpose, the E. coli-produced VHHs (suffix Y) were coated onto polystyrene plates and then incubated with virus that was treated with Triton X-100. Such a detergent treatment solubilizes the viral membrane, resulting in the release of the viral surface proteins into solution. Due to the use of a specific VHH as the capture antibody, NA is immobilized on the plate used for phage display selection, whereas the other viral proteins, especially HA and NP, are washed away. This enables to use the same strain for llama immunization and selection. Thus, we used the N5 binder IV224Y for the capture of H1N5 virus NA to select novel N5 binders from two llamas immunized with either H1N5 and H12N5 virus or with H6N5 virus. Similarly, the N1 binder, IV176Y, was used for the capture of H7N1 virus NA to select novel N1 binders (Table 4) .
Some isolated VHHs were found to cross-react with several other NAs. For example, the N7 binder IV237Y cross-reacts with N6 subtype virus (results not shown for IV237Y; however, see Tables 5 and  6 for yeast-produced IV237F). IV237Y is a genuine NA binder, since it binds to rN7, although with a low absorbance value (Table 4) . We used IV237Y for the capture of H14N6 or H13N6 virus to select N6 binding VHHs. This resulted in five binders of different CDR3 groups. Similarly, IV457F, resulting from selections on rN4, cross-reacted with other N subtypes with the highest absorbance value on the H14N6 virus (Table 5 ) and was therefore classified as an N6 binder. Most clones isolated thus far had significantly higher absorbance values on H14N6 than on H13N6 virus. Yeast-produced N6 binders IV457F and IV461F were therefore used for the capture of H13N6 virus in novel rounds of phage display selection, resulting in five novel binders representing three novel CDR3 groups. Four of these novel binders bound well to H13N6 virus.
Another two clones, IV235 and IV456, within the same CDR3 group (Table 4) , were initially selected using N6 or N7 subtype virus, but were later found to be specific for N3 viruses. IV456F was then used for the capture of solubilized H2N3 virus and selection of a single VHH (IV540) from a llama immunized with H16N3 virus. This VHH bound inefficiently (A 450 nm = 0.098; Table 4 ) to directly coated H2N3 virus, but much better (A 450 nm = 0.521) to Triton X-100 treated H2N3 virus captured with IV456F. This suggests that this clone recognizes an antigenic site that is better accessible, due to either surfactant disruption of virions or the capture of the NA in solution with a VHH.
We also selected three novel N9 binding VHHs representing three novel CDR3 groups using solubilized H15N9 virus captured with N9 binder, IV295F.
Yeast Expression of VHHs
We selected 64 different VHHs that preferentially belong to different CDR3 groups for expression in baker's yeast. These VHHs were inserted into episomal plasmid, pRL188, which is suitable for production of VHHs fused to the llama heavy-chain antibody long hinge region and contains a single C-terminal cysteine, as indicated by the suffix, F. Some VHHs were expressed at a higher yield by the transfer of the expression cassette from the pRL188-derived plasmid into a MIRY-type vector ( Table 4) . The yeast-produced VHHs were purified by immobilized-metal affinity chromatography (IMAC). Five VHHs (Table 4) contain a potential N-glycosylation site. These VHHs were treated with endoglycosidase H or mock-treated and then analyzed by reducing SDS-PAGE. Unglycosylated or deglycosylated VHH migrates at about 20 kDa, whereas glycosylated VHH migrates much slower. From such an analysis (Figure 1 ), we conclude that IV84F is not glycosylated, IV202F and IV456F are partially (about 50%) hyperglycosylated, IV81F is predominantly hyperglycosylated and IV467F is predominantly core-like glycosylated. In subsequent analysis, we always used endoglycosidase-H-treated preparations of the four glycosylated VHHs.
NA Specificity of Yeast-Produced VHHs
All 64 VHHs were analyzed in ELISA for binding to influenza viruses representing all N subtypes (Table 5 ) to assess their cross-reaction with different N subtypes. A subset of 41 of these VHHs was biotinylated and again analyzed for binding to different influenza viruses in ELISA ( Table 6 ). The ELISA is much more sensitive when using biotinylated VHH and a streptavidin-peroxidase conjugate than when using non-biotinylated VHH that is detected based on its his6 tag. Some clones, such as IV417F (N1), IV105F (N2) and IV75F (N2), yield high absorbance values when biotinylated, but show no absorbance value above the background using non-biotinylated VHH. [20] . C indicates conventional-like VHHs, which are often produced at reduced levels in microorganisms; e Clones with identical complementarity determining region 3 (CDR3) length and more than 80% CDR3 amino acid sequence similarity are arranged in to the same CDR3 group, indicated by letters; f Episomal expression was done using plasmid pRL188. Some clones were produced at higher levels by replacing the episomal yeast replication origin of pRL188 by a MIRY-type replication origin. Most VHHs bound specifically to only one N-subtype virus. Some clones, such as IV417F (N1) and IV501F (N6), even bound specifically to particular virus strains of this subtype. Such strain-specific binding is not unexpected, since HA and NA proteins of influenza virus rapidly mutate, and under selective pressure from the host immune response, novel antigenic variants are constantly selected, a process known as antigenic drift [9] . Other VHHs, however, cross-react to influenza viruses of a different N subtype. The VHHs showing the strongest cross-reaction are summarized in Table 7 . Table 7 . Summary of VHHs that bind to at least two different NA subtypes in ELISA. (Table 6 ) or A 450 nm > 0.3 using non-biotinylated VHH (Table 5) ; −, no positive binding.
Most of the observed cross-reaction corresponds to the phylogenetic relationship between the different N subtypes. A phylogenetic tree (Figure 2 ) of the NA proteins of the strains used for rNA production (Table 3) closely resembles a previously published tree of NA proteins derived from other strains [8] , showing the generality of this tree for different strains. N1 is most related to N4 and somewhat more distantly to N5 and N8 (Figure 2) . Consistent with this, five clones bind both N1 and N4, two of which also bind N5 and three of which also bind N8 ( Table 7 ). The binding of four clones to both N6 and N7 (Table 7) is also consistent with the close phylogenetic relationship between N6 and N7. However, some cross-reaction is not explained by a close phylogenetic relationship, such as the binding of IV525F to the distantly related N8 and N9. Furthermore, IV512F and IV618F, which belong to the same CDR3 group (Table 4) , bind to NAs of as much as five subtypes (Table 7) , according to the criterion used (A 450 nm > 0.5 in Table 6 ). Using a less stringent criterion (A 450 nm = 0.2-0.5 in Table 6 ), these VHHs also bind to other viruses, including N5 subtype viruses. Such broad cross-reaction with sometimes even lower absorbance values is also observed with N3-binder, IV456F, and N4-binder, IV213F (Table 6 ). (Table 3) were aligned and used for phylogenetic analysis. The statistical support as measured by 100 cycles of bootstrap analysis is indicated at each node.
We further analyzed the cross-reaction of IV512F with many different subtypes in a sandwich ELISA setup by coating plates with IV512F and subsequent detection of bound NA of various Triton X-100 solubilized subtypes. This confirmed the binding to the various subtypes observed in the direct ELISA, including N5, although binding to N1 and N6 was inefficient (Figure 3) . Furthermore, in sandwich ELISA, IV512F bound to one of the two N9 viruses used. Thus, IV512F binds to influenza viruses off all subtypes, except N4, although not to all viruses of each subtype. Two universally conserved epitopes in NA of all nine subtypes have been identified earlier by bioinformatic analysis and subsequent antibody generation using peptide immunization [12] . One of these epitopes is close to the NA enzymatic site, whereas the other is located near the NA N-terminus, which forms the cytoplasmic tail. Possibly IV512F and the related VHH IV618F bind to one of these H subtype N subtype epitopes. The binding to these epitopes was improved by detergent treatment, which was critically dependent on detergent concentration [12] . Thus, different absorbance values obtained when IV512F was analyzed by direct (Table 6 ) or sandwich ELISA (Figure 3) could be due to the use of detergent only in the latter assay.
The ability of IV512F to recognize a conserved epitope on NA could be due to the small size of a VHH. It has previously been suggested that some VHHs can recognize antigenic sites that are not recognized by the larger conventional antibody fragments, because these sites are located in cavities or clefts that can only be accessed by small antibody fragments. This is exemplified by VHHs binding to the enzyme active site of carbonic anhydrase or alpha-amylase [28] or to cryptic epitopes on the trypanosome surface [29] . Interestingly, this trypanosome antigenic site is conserved and lies underneath a layer of surface glycoproteins that is immunodominant and shows high antigenic variation to evade the host immune response.
We also measured the ability of VHHs to inhibit rNA enzymatic activity (Table 5) . Evidently, this could only be done for rNA preparations that showed enzymatic activity (rN2, rN3, rN7, rN8 and rN9). Most VHHs neutralized rNA, consistent with earlier observations with conventional antibodies [9] . Several VHHs do not reach 50% inhibition at the highest VHH concentration analyzed. Clone IV77F inhibits at most 40% of the rN2, but does this at low VHH concentrations (IC 20 = 3 ng/mL). This could indicate that IV77F recognizes an epitope that is present in only 40% of the rN2 molecules. Clones, IV235F and IV456F, which belong to the same CDR3 group, also do not inhibit rN3, although they bind to H2N3 virus (Table 5) , which was also used for rN3 production. These clones possibly bind to an epitope that is not involved in enzyme activity. The absence of rNA inhibition by clones, IV268F (N8), IV275F (N8), IV294F (N9), IV295F (N9) and IV525F (N9), could be due to their strain-specific binding (Table 5) , since the rNA was derived from a different strain than used in ELISA. The cross-reaction of VHHs to viruses of different N subtype never correlates with their H subtype, making it unlikely that the cross-reaction is due to HA binding. Further proof that the selected VHHs bind to NA is based on their binding to rNA (Table 4) or inhibition of rNA enzyme activity (Table 5) , which is, however, only available for enzymatically active rNA. The NA binding specificity of IV512F is further proven by its binding to different NAs in sandwich ELISA with other, biotinylated VHHs that unequivocally bind NA, because they bind rNA (Table 4) .
Experimental
Animals
Four one-year-old llamas (Lama glama) were used for this study. They were provided with food and water ad libitum. Animal experiments were performed under the supervision of the Animal Experimental Committee according to the Dutch Act on Experimental Animal Use.
Expression of Soluble Recombinant NA
Human codon-optimized sequences encoding the soluble NA head domain of nine influenza viruses representing the nine NA subtypes (Table 3) were synthesized (GenScript Corporation, Piscataway, NJ, USA) and cloned into a derivative of expression plasmid pS1-Ig for expression in HEK293T cells, as described previously [11] . The NA gene was preceded by sequences successively coding for an N-terminal human CD5 signal peptide (MPMGSLQPLATLYLLGMLVASVLA), a double Strep tag (WSHPQFEKGGGSGGGSGGGSWSHPQFEK; One-STrEP; IBA GmbH, Göttingen, Germany), an artificial yeast GCN4 tetramerization domain (MKQIEDKLEEILSKLYHIENELARIKKLLGE; GCN4-pLI) [11] and a BamH1 restriction endonuclease cleavage site (encoding amino acids, GS). The resulting constructs were transiently transfected into HEK293T cells, and the expressed rNA was purified from the expression medium using strep-tactin sepharose (IBA), as described [11] . The purified rNA was dialyzed against PBS using Slide-A-Lyzer dialysis cassettes, 20 MWCO (Thermo Fischer Scientific, Rockford, IL, USA).
The enzymatic activity of recombinant NA preparations was determined using the substrate, 4-methylumbelliferyl-α-D-N-acetylneuraminic acid (4-MU-NANA), as described earlier [30] . In this assay, fluorescent 4-methylumbelliferone (4-MU) is quantitated after cleavage from 4-MU-NANA. Reactions were performed in 96-well plates, using 0.4 mL reaction buffer (1 mg/mL bovine serum albumin, 150 mM NaCl, 30 mM Na-MES, pH 6.5) per well. Eight serial five-fold dilutions of the different recombinant NAs in reaction buffer were made with a starting concentration of 50 ng/mL. Then, 4-MU-NANA substrate was added to a concentration of 26 µM. The plate also contained eight standards of 4-MU (0-3.3 µM). Plates were sealed with adhesive foil and incubated at 37 °C for 60 min. Enzyme reactions were stopped by the addition of 100 µL stop buffer (180 mM glycine, pH 10.7). Fluorescence of 4-MU was measured (excitation 365 nm, emission 450 nm) using a GloMax Multi fluorometer (Promega, Fitchburg, WI). A standard curve of 4-MU concentrations and fluorescence data was generated. The amount of 4-MU product formed by the different NA preparations was then derived from fluorescence data by interpolation in the standard curve and used for calculation of the specific enzymatic activity.
The inhibition of rNA enzymatic activity by yeast-produced VHHs was measured using a different NA assay that uses fetuin as a substrate and is more suitable for measuring inhibition by antibodies [9] . In this assay [31] , fetuin is adsorbed on ELISA plates and treated with NA, resulting in the removal of terminal sialic acid residues from fetuin, which allows peanut agglutinin lectin (PNA) binding to fetuin. Briefly, polystyrene 96-well plates were coated with 50 mg/L fetuin in 0.05 M carbonate/bicarbonate buffer, pH 9.6 (coating buffer), overnight at 4 °C. Two-fold dilution series of 1 µg/mL VHHs were first incubated for 1 h with concentrations of the homologous rNA, which results in 90% of the maximal NA activity (87.5 ng/mL rN2, 87.5 ng/mL rN3, 1 ng/mL rN7, 1 ng/mL rN8 or 300 ng/mL rN9) in PBS with 1% BSA and 6 mM calcium chloride. VHH-rNA mixtures were then transferred to the fetuin-coated plates, followed by another 30 min incubation. Plates were subsequently incubated with 2.5 µg/mL PNA-PO conjugate and bound conjugate was detected, as described below (Section 3.7). The absorbance at 450 nm in the absence of VHH was defined as 100% rNA activity. The VHH concentration required to inhibit 50% of the rNA activity (IC 50 ) was then interpolated from VHH concentration versus absorbance values.
Preparation of Purified Influenza Viruses
Influenza viruses (Table 8) were propagated on embryonated eggs or Madin Darby canine kidney cells that grow serum-free in suspension (MDCK-SFS cells) [32] . Viral particles were purified from
Phage Display Selection
Phage display selections were performed by two consecutive rounds of biopanning [34] in 96-well polystyrene ELISA plates (Greiner, Cat. No. 655092), using 100 µL/well for each incubation. Many variations on the procedure were used. In general, antigen was immobilized to ELISA plates at three serial ten-fold dilutions and including a control without antigen. Influenza viruses were normally coated at concentrations of 1, 0.1 and 0.01 µg/mL in 0.05 M carbonate/bicarbonate buffer, pH 9.6 (coating buffer), overnight at 4 °C. Recombinant NA was coated at concentrations of 1, 0.1 and 0.01 µg/mL in the case of enzymatically active preparations, but ten-fold higher concentrations in the case of inactive preparations (rN1, rN4 and rN5; Table 3 ). Occasionally, rNA preparations were captured in solution on plates coated with 2 µg/mL streptavidin in PBS (Roche Applied Science). For specific immobilization of NA, plates were coated with 1 µg/mL VHHs in coating buffer and purified virus preparations (10 µg/mL) were separately incubated in PBS containing 1% Triton X-100 for 30 min at room temperature. This preparation was then captured on plates coated with VHH at ten-fold (1 µg/mL) or 100-fold (0.1 µg/mL) dilution in PBS buffer containing 1% milk and 0.05% Tween-20 (PBSTM) for 1 h at room temperature. Control wells were also coated with VHH without subsequent incubation with influenza virus, and wells without VHH coating were incubated with 1 µg/mL influenza virus. Plates were then incubated with 0.5 × 10 10 transducing units/mL phages. Occasionally, phages were preincubated in PBSTM containing 10 µg/mL virus of a different type than used for panning to compete for binding to common antigenic sites. Bound phages were eluted by incubation with 1 mg/mL trypsin in PBS for 30 min at 37 °C and immediately transduced to E. coli TG1 cells. In each selection round, we performed a parallel phage ELISA simultaneous with the phage display selection for evaluation of the phage display selection. For this purpose, a duplex plate containing similar concentrations and types of antigen and phage was incubated with a peroxidase-conjugated monoclonal antibody against the M13 p8 coat protein (GE Healthcare, Little Chalfont, UK) instead of incubation with trypsin. The amount of antigen specific phage bound was then measured by ELISA (section 3.7).
Production of Soluble VHH in E. coli
After the second panning round phages were transduced to E. coli TG1 cells, individual colonies were picked and the VHH genes were induced with 1 mM isopropyl β-D-thiogalactopyranoside. Recombinant VHHs, extracted from the periplasm, were tested for binding to rNA proteins or whole influenza virus by ELISA at ten-fold dilution of E. coli culture supernatant. VHHs produced in E. coli using vector pRL144 are indicated by the suffix "Y". For subsequent use as capturing VHH in phage display selections, the VHHs IV176Y, IV224Y, IV237Y and IV297Y were purified from culture supernatant using immobilized-metal affinity chromatography [34] .
Sequence Analysis
Sequence analysis of the VHH encoding region was performed, as described previously [20] . The deduced VHH amino acid sequences were aligned according to the IMGT system [35] for alignment, numbering and complementarity-determining region (CDR) definition of immunoglobulins. Potential N-glycosylation sites were defined as Asn-X-Ser/Thr, where X represents any amino acid, except Pro.
A phylogenetic tree of the nine NA protein sequences used for production of rNA (Table 3) was generated with the program, PhyML3.0 [36] .
Yeast Production, Deglycosylation and Biotinylation of VHHs
Plasmid pRL188 [37] is suitable for the insertion of VHH encoding fragments into the PstI and BstEII sites and subsequent yeast production of VHHs with a C-terminal extension consisting of the llama long hinge region and a hexahistidine tag (amino acid sequence EPKTPKPQPQPQPQPQPNPTTESKCPHHHHHH). Such VHHs are indicated by the suffix, "F". Expression of VHHs in Saccharomyces cerevisiae under control of the GAL7 promoter and directed into the growth medium by fusion to the invertase signal peptide and the increased expression levels obtained by using the MIRY type vector pRL44 has been described previously [37] . The VHHs were purified from culture supernatant using IMAC. Proteins were concentrated and the buffer exchanged to phosphate-buffered saline by use of 3-kDa molecular weight cut-off (MWCO) centrifugal concentration devices (Ultracel regenerated nitrocellulose membrane, Millipore, Bedford, MA). The protein concentration was determined using the Bio-Rad protein assay and a bovine immunoglobulin standard. VHHs were deglycosylated by 3 h incubation of 0.5 mg/mL VHH with 2 U/mL endoglycosidase H (Roche Applied Science, Mannheim, Germany) at 37 °C in 50 mM sodium citrate, pH 5.5. Yeast-produced VHHs were biotinylated at a weight-ratio of protein to biotin of 10 using amine-reactive sulfo-N-hydroxysuccinimide-LC-biotin (Pierce, Rockford, IL). Buffer was exchanged to PBS and free biotin removed 3 times at least 10-fold dilution and concentration using 3-kDa MWCO concentration devices.
ELISAs
3.7.1. Indirect ELISA for Analyzing VHH Binding to Influenza Antigens High binding polystyrene 96-well plates (Greiner, Solingen, Germany) were coated overnight at 4 °C with 1 μg/mL rNA in PBS or 2 μg/mL purified influenza virus in coating buffer at 100 μL/well. Residual sites were blocked for 2 h at room temperature with 1% skimmed milk in ELISA-buffer (1% skimmed milk; 0.05% Tween-20; 0.5 M NaCl; 2.7 mM KCl; 2.8 mM KH 2 PO 4 ; 8.1 mM Na 2 HPO 4 ; pH 7.4). Plates were subsequently incubated with either yeast-produced VHH (1 μg/mL) that was either biotinylated or not biotinylated or E. coli produced VHH (ten-fold diluted E. coli culture supernatant). Bound yeast-produced VHH was detected with 1 μg/mL peroxidase (PO)-conjugated anti-his6 tag monoclonal antibody (Roche Applied Science) using non-biotinylated VHH or 0.5 μg/mL PO-conjugated streptavidin (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, USA) using biotinylated VHH. Bound E. coli-produced VHH was detected with 1 μg/mL PO-conjugated anti-myc tag monoclonal antibody (anti-myc-PO; Roche Applied Science). Bound PO was stained with 3,3',5,5' tetramethylbenzidine. The reaction was stopped by adding half a volume 0.5 M H 2 SO 4 . The absorbance at 450 nm was then measured using a Multiskan Ascent spectrophotometer (Thermo Labsystems, Helsinki, Finland).
Sandwich ELISA for Analyzing VHH Binding to Influenza Antigens
This ELISA was performed similar to the indirect ELISA (see previous Section). However, ELISA plates were coated with 1 µg/mL IV512F or without VHH in coating buffer and then incubated with 2 µg/mL Triton X-100 solubilized influenza virus (see Section 3.4.2) of various subtypes. Bound NA of subtypes N1 to N9 was then detected using nine different biotinylated VHHs specific for these subtypes: IV171F, deglycosylated IV81F, IV191F, IV215F, IV451F, IV514F, IV242F, IV268F and IV295F. Bound biotinylated VHH was then detected, as described in the previous section.
Conclusions
We isolated a diverse panel of 188 VHHs binding to the nine NA subtypes of influenza A virus that occur in birds. It is unknown whether any of these VHHs also bind to a tenth NA subtype that was recently identified in bats [2] . We characterized the antigen binding specificity of 64 yeast-produced VHHs. This highly diverse set of VHHs, as also exemplified by their predominantly different CDR3 sequences (54 CDR3 groups), was derived from only four llamas immunized with virus antigens. This illustrates the ability to isolate many different VHHs from llamas immunized with multiple antigens by phage display selection, especially taking into account that we also isolated more than 50 binders against fifteen of the sixteen H subtypes from these same four llamas (results not shown). This notion is consistent with others [38] , who state that they "... were impressed by the ability of a single llama to deliver a broad range of ligands with good sensitivity and mostly exquisite specificity, after being immunized with relatively low amounts ... of multiple immunogens that have been shown to be far from native and far from optimal in eliciting the highest antibody titers." Since NP and HA are more immunogenic than NA, we had to optimize our phage display selection strategy to retrieve NA binders. Selections using whole virus by alternating selections on different N subtypes or using competition with the same HA subtype were not successful. However, selections yielded predominantly NA binders when using recombinant NA, especially when it was enzymatically active.
The newly identified VHHs could be used in several applications. VHHs have a high physicochemical stability [14] , which makes them highly suited for use in biosensor applications [15] or immunoaffinity purification methods, since the biosensor surface or affinity column containing immobilized VHHs can be efficiently regenerated without loss of antigen binding capacity [39] . Thus, VHHs could also be used for purification of NA antigen for industrial vaccine production or development of novel biosensors for sensitive influenza detection. Alternatively, they can be used for development of ELISAs for specifically measuring serological antibody responses against the different N subtypes, for use in DIVA vaccination strategies [4] . Such work is currently in progress in our lab. There is also interest in the measurement of the NA content of influenza vaccines, since this contributes to vaccine efficacy [12] . We also isolated at least one VHH that binds to NA of most influenza strains, although often with low absorbance value, making it unlikely that this VHH is suited for such purposes. However, there are several possibilities for improvement of the currently used approach to stimulate isolation of cross-reacting VHHs. Firstly, consecutive selections should be done on NAs of different subtypes, instead of selection on the same N subtype, as done here. Secondly, since immunization with NA as present in whole virus results in reduced immunogenicity of NA [9, 11] , llamas should be immunized with rNA, followed by selection on NA solubilized from virus. Thirdly, consecutive immunization of one llama with rNAs of different subtypes could further direct the immune response to conserved epitopes, similar to an approach used for isolating antibodies to conserved HA epitopes [40] .
There is currently an interest in the use of antibodies against influenza virus for therapeutic use in humans. These studies mainly focus on conventional antibodies against a conserved epitope in the HA stem [23] [24] [25] , although there is a recent example of a protective antibody against NA [41] . Furthermore, VHHs against the less conserved HA globular head have been evaluated for antiviral use [17, 42, 43] . Therefore, it would be interesting to determine whether the broadly cross-reactive NA binding VHH IV512F inhibits NA activity, which could make it useful for human therapy.
